Abstract-We have developed a handheld γ -ray spectrometer based on 1024 pixels, 2.8 mm × 2.8 mm × 6 mm in size, of gadolinium-yttrium-gallium-aluminum garnet (GYGAG) ((Gd,Y,Ce) 3 (Ga,Al) 5 O 12 ) ceramic scintillator (total of 48-cm 3 detector volume) coupled to silicon photodiode (SiPD) arrays. The SiPD arrays and readout ASIC, originally developed for medical imaging applications, have been adapted for portability in a lightweight box with heatsink and thermoelectric cooling. Custom readout firmware for γ -ray spectroscopy has been implemented, and a system user interface was developed that runs on an Android tablet. We have optimized the processing of the GYGAG(Ce), the pixel optical coupling, and electronics readout parameters to obtain single pixel energy resolution as good as R(662 keV) = 3.1% full-width at half-maximum and full device resolution with singles events from all pixels summed of 4.5%. When Compton-summed events are included, full-energy peak efficiency increases by ∼2×, and R(662 keV) = 4.7% is obtained for the full device. The pixelated architecture is leveraged to locate point sources of radiological materials using Compton imaging and active masking techniques. Directional detection of a 1 mCi Cs-137 source at 10 m can be made to ±10°in ∼2 s.
Fig. 1.
Detector system opened with an internal cover removed (left). Tablet that provides the user interface (right). The two communicate via WiFi.
is controlled by an Intel Edison embedded computer and runs independently of the tablet. The entire system, including batteries and tablet, weighs less than 6 pounds.
Handheld γ -ray spectrometers with directional detection have previously been reported. The AISense Gamma 4 is one example [1] which uses 13 cm 3 of CsI(Tl) and determines direction to a source. The H3D A400 is another example [2] which uses 19 cm 3 of CZT as a Compton scatter camera. The system described in this paper uses 48 cm 3 of GYGAG scintillator with both active masking and Compton scatter. Its active masking achieves similar directional performance to that of Gamma 4. The A400 has better energy resolution and spatial resolution but smaller active volume and longer time to the first indication of direction.
This detector builds upon the Digirad photodiode array, developed for SPECT imaging [3] , [4] , [7] . We previously reported the initial performance of GYGAG(Ce) scintillator pixels with readout by this photodiode array, obtaining energy resolution as good as R(662 keV) = 4% [5] , [6] . Here, we report on the development of a handheld detector based on this architecture. In Section II, we describe the scintillators, the photodiode modules, the user interface, and the supporting hardware. In Section III, we present the spectroscopy and directionality results.
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II. SCINTILLATOR AND DETECTOR HARDWARE

A. GYGAG Ceramic Scintillators
The GYGAG(Ce) transparent ceramic scintillators have been described in detail previously [6] . They are mechanically rugged, readily machinable, unreactive to air and water (facilitating packaging), have a good light yield of ∼50 000 photons per MeV, a density of 5.8 g/cm 3 , high effective Z of 48, and good light yield proportionality. The spectrometer described here employs 1024 pixels, each 2.8 mm×2.8 mm× 6 mm, attached via silicone cement onto a photodiode array (described below). The total scintillator volume is 48 cm 3 . Fig. 2 shows a ∼50 cm 3 GYGAG(Ce) ceramic as well as typical pixels used in this system. The peak emission of GYGAG(Ce) is at about 550 nm, well matched to the high quantum efficiency of SiPDs in green curve (see Fig. 3 ). The pixelation of the scintillators allows the system to simultaneously provide γ -ray spectroscopy and to determine the direction to a source.
B. Photodiode Modules
The photodiode modules [ Fig. 2 (right)] were originally designed by Digirad for medical imaging [3] , [4] , [7] . One drawback of SiPDs is their dark current, which increases with area. This system minimizes the impact of dark current by using 1024 small (2.8 mm × 2.8 mm) photodiodes. The increased complexity is justified since the system produces better energy resolution than a comparable volume single GYGAG(Ce) ceramic scintillator on a photomultiplier tube (PMT). Each module contains 128 photodiodes in a 8 × 16 array and an ASIC that contains, for each photodiode, a charge integrating preamplifier, shaping amplifier, sample and hold circuitry, discriminator circuitry, and other associated electronics [7] . The outputs from the sample and hold circuits are multiplexed to an ADC on a microcontroller on the module. Each module obtains power and communicates via a USB connection, which is the only connection required for operation.
The modules did not require hardware modifications when moving from medical imaging to γ -ray spectroscopy, but the microcontroller firmware was modified. The biggest changes were needed to accommodate the increased data generated by recording each event individually. Previously, just the number of counts in an energy window was recorded. The second Fig. 3 .
Comparison of the GYGAG(Ce) emission spectra (right axis) and approximate wavelength-dependent quantum efficiency (left axis) of three representative photodetectors, including a super bi-alkali PMT, silicon photomultiplier (SiPM), and SiPD. SiPDs have excellent quantum efficiency in the GYGAG(Ce) emission region. change was to mark every event with a time stamp accurate to ±2 μs. The time stamp is important for Compton summing, as described below. The eight modules in the detector are synchronized via the start-of-frame packet sent every millisecond by the USB host.
To maintain good full-energy peak efficiency at medium and high γ -ray energies, this system uses Compton summing. In GYGAG(Ce), when the γ -ray energy is above approximately 250 keV (the exact energy is composition dependent), Compton scatter is more likely than photoelectric absorption [8] .
In a large monolithic detector, a Compton-scattered γ -ray will frequently be absorbed in the detector instead of escaping. The energy deposited by the Compton scatter and photoelectric absorption is the total energy of the γ -ray so the event will contribute to the full-energy peak.
A single pixel in the current system is a small detector. Compton-scattered γ -rays are likely to escape one pixel but may be detected in another. These scatter-absorption events can be identified and summed since good timing resolution is available, and the sum will contribute to the full-energy peak. These Compton events also provide the information required for Compton imaging. Furthermore, the system generates a Compton suppressed spectrum which only contains coincident events. This reduces the Compton background for medium and higher energy γ -rays.
C. Supporting Electronics
The eight photodiode modules communicate via an USB hub to an Intel Edison embedded computer. The Edison contains a dual-core 500-MHz processor, onboard WiFi, and runs Yocto Linux. All data processing tasks are done on the Edison, not the tablet, so the detector can run autonomously. The system has approximately 2GB available nonvolatile memory The "waterfall" tab provides a waterfall plot (Cs-137 shown), along with a count rate strip chart recorder along the top (top right). The "count rate" tab provides a pixel heat map display to show the count rate of all 1024 pixels (bottom left). Note that the pixels in the lower left have a higher count rate than do others, indicating the direction to the source. The "direction" tab includes two arrows, a yellow arrow (the direction determined by active masking) and a red arrow (the direction determined by Compton scatter) (bottom right).
to store data. The main processing tasks include: generating energy histograms, recording the data in list mode and/or the ANSI standard N42.42, and determining source direction via active masking and Compton imaging. The results are transmitted to the tablet as needed for display.
There is a simple thermal management system consisting of a temperature sensor, thermoelectric cooling, and a heatsink with fans. The goal of thermal management is to maintain a constant temperature; the absolute temperature is less important. Temperature changes can cause changes in the behavior of the electronic components of the system, including amplifier gains and changes in the baseline offset of the signal feeding the ADCs. Below about 20°C, the dark noise from the SiPD is small compared to the noise from the rest of the electronics. This is due in large part to the small area of the SiPDs. When starting from room temperature, the system is ready to operate in about 1 minute.
The system is powered by a 7.4 V 80-Wh Li-ion battery. An external power port can accept an alternate power source such as a battery or lab power supply. There are two dc to dc converters that provide the 3.3 and 5 V required by various subsystems. The largest power drain is from the thermal system, which has not yet been optimized. In a 25°C laboratory, the system can run for 6 h on a single charge but warmer environments may decrease run time. The system, excluding the cooling system, draws 6.5 W.
D. Tablet, User Interface, and Data Analysis
A graphical user interface (GUI) that runs on Android tablets was developed to control the detector system. The tablet communicates with the Edison in the detector system via WiFi. The GUI contains five tabs: histogram, waterfall, count rate, direction, and settings. Fig. 4 shows screenshots of four of the tabs (the settings tab is not shown).
The "settings" tab allows a user to change options for the system. Once set correctly, these values are rarely changed. Examples include peaking times, gains, discriminator levels, and waterfall plot integration time.
The "histogram" tab [ Fig. 4 (top left)] is the main tab, containing controls for starting and stopping data acquisition, a count rate meter, dose rate display, data acquisition time, and the histogram display. The histogram display contains two energy histograms. The first consists of all events that have been recorded in the current acquisition. The only nontypical feature is that for events that happen in coincidence, defined as two events occurring within 2 μs of each other, the sum of their energy is included in the histogram and their individual components are not. The second histogram is Compton-summed events only, which suppresses the Compton continuum. The histograms can switch between log and linear display, utilize pinch zooming, and provide a marker to more accurately determine the energy of a histogram feature. The "count rate" tab [ Fig. 4 (bottom left)] provides a heat map that shows the count rate of all 1024 pixels in the device in real time. This is useful for troubleshooting and configuring an acquisition for a directionality search.
The "direction" tab [ Fig. 4 (bottom right)] has two arrows that point to the current direction where a source is most likely located. One of the arrows is the direction determined by active masking and the other arrow is the direction determined by Compton Scatter. The length of the arrows changes to indicate the confidence in the direction. The integration time can be set using two sliders near the bottom of the screen.
E. Direction Determination
Two methods are used to determine the direction. Active masking, also known as occlusion or mutual shadowing, uses the fact that pixels closer to a source shadow pixels further from the source; therefore, pixels closer to a source will have a higher count rate. Quantitatively, the edges of the detector are treated as four regions, [ Fig. 5(a)-(d) ], which overlap at the corners. Each region is 11 by 32 pixels (the full detector is 32 by 32 pixels). The center pixels contribute little information while adding noise and, therefore, are not included in the analysis. Then
direction to source = tan
where dx is the x-component of the direction, dy is the ycomponent of the direction, and the sums are for the counts in all pixels in the indicated region. The second directionality method employs the physics of Compton imaging, where an incoming γ -ray undergoes Compton scatter in one pixel followed by photoelectric absorption in a different pixel. The energies and locations of the two events determine a cone where the γ -ray is originated. Once a statistically significant number of events are observed, the location where the cones intersect defines the direction to the source.
The Compton scatter algorithm employed in this device locates only the azimuthal angle to the source, thus moving from two dimensions (azimuth and elevation) to one dimension (azimuth). We demonstrate 2-D directionality offline. The distance to the source is not estimated, so there is no 3-D source localization.
The azimuth angle is determined by only using two directions where the cone crosses the plane of the detector, which is the horizontal plane. In most cases, it is not possible to know which event was the Compton scatter and which was the photoelectric absorption, so there are two cones and four possible directions to the source. Adding the information from several such events allows the direction of the source to be determined. For 2-D directionality, the cones are projected onto a sphere, and the location of a source becomes visible in a heat map.
The two methods of direction determination are complimentary. Active masking works best with low-energy γ -rays which more frequently undergo photoelectric absorption, while Compton imaging works better with higher energy γ -rays that more frequently Compton scatter.
III. PERFORMANCE
A. Spectroscopy
Since the spectra from many pixels, as well as Comptonsummed events, are added together, an accurate energy calibration is critical for obtaining good energy resolution. The input to the ADC has a dc offset so a two-point energy calibration is needed for each pixel. Performing a two-point energy calibration at 122 and 662 keV provides accuracy within 1 keV over the full energy range, which extends from the 32 keV Cs-137 X-ray to the 1332 keV Co-60 line. A future generation of the ASIC is planned which will extend the dynamic range of the system, allowing the system to measure energies from 30 keV up to 2.8 MeV. The system has a maximum count rate of over 50 000 counts per second (cps), limited by the readout time of each module which is ∼100-μs plus ∼5-μs per pixel read out. Table I lists the resolution of the singles, and the singles plus coincident sum spectra for groups of pixels with different Fig. 6 . Measurement of Cs-137 showing the three spectra from the system. The singles only spectrum excludes events where more than one pixel is triggered. The Compton-summed only spectrum consists of the sum energy of events with two pixels triggering. The singles and Compton-summed spectrum is the sum of the first two spectra. Features to note in the spectra are the Cs-137 peak at 662 keV, the Gd X-ray escape peak at 620 keV, the backscatter peak at about 180 keV, the X-ray escape peak from the backscatter peak, at about 135 keV, and the 32 keV X-ray from Cs. Also, note the greatly reduced Compton background in the Compton-summed only peak. Fig. 7 . Energy resolution versus energy for GYGAG on a SiPD and a PMT. The dots are measured data, and the dashed line is fit to the data using (4). This shape is typical for scintillator detectors. energy resolutions. Since twice the electronic noise is included in the measurement for Compton sum events, they have a slightly worse resolution. At 662 keV, the degradation is slight, for example degrading from 3.9% to 4.2%. The benefit of including Compton coincidence events is a near doubling of the full-energy peak area, while only adding approximately 10% to the total number of counts in the spectrum. This benefit is greatest for energies above about 300 keV where Compton scatter is the most probable interaction.
For this device, the best single pixel energy resolution at 662 keV has been measured at 3.1%. Since many pixels provide R(662 keV) = 3.3%-3.5%, it is expected that a fully optimized device could provide resolution in this range for all pixels. Table I lists the number of pixels in the device with energy resolution of <4%, <4.5%, and <5% at 662 keV, along with summed resolutions. The most recent 60 pixels produced and mounted into the device all offered resolution at 662 keV of less than 4%. Note that only 1002 of the total 1024 pixels are active, due to the failure of some of the SiPDs. Fig. 7 shows three energy histograms from a measurement of Cs-137. The data were recorded in list mode and (4) processed offline. The most familiar histogram is "singles only," which does not include any events with two or more interactions in coincidence. The "Compton summed only" spectrum plots the sum of energies for events with two interactions, which are typically a Compton scatter followed by photoelectric absorption. The last spectrum, the "singles and Compton summed" spectrum, is the sum of the "singles only" spectrum and the "Compton summed only" spectrum. The tablet displays the "Singles and Compton summed" spectrum and the "Compton summed only" spectrum.
The key features of the Cs-137 spectra in Fig. 6 are the full-energy peak at 662 keV, the Gd X-ray escape peak at 620 keV, the Compton edge at 477 keV, the backscatter peak at 180 keV, the Gd X-ray escape peak from the backscatter peak at 135 keV, and the 32 keV X-ray from Cs-137. Also of note is the greatly reduced Compton continuum of the "Compton summed only" spectra, which can potentially allow easier identification of peaks in complicated spectra. Fig. 7 shows the energy resolution as a function of the energy of GYGAG on a SiPD and a PMT, acquired by the use of multiple sources. Resolution degrades at low energy due to photon statistics and electronic noise, while nonproportionality of light yield is known to be excellent for the GYGAG(Ce) scintillator [6] . The resolution is fit using
where R is the resolution in keV (converted to percent for Fig. 7 ), A is a constant, E is the γ -ray energy in keV, and B is a constant needed when light yield nonproportionality or electronic noise are significant. The first term accounts for counting statistics and the second term for energy independent effects such as light yield nonproportionality and electronic noise; they are added in quadrature. Values for A and B are shown in Table II . The SiPD has a superior resolution at medium to high energies due to increased quantum efficiency. At low energies, the PMT has the superior resolution due to its very low noise and high gain. Fig. 8 shows Ho-166m spectra for several different scintillators and a HPGe detector. In the region between 600 to 800 keV, there are small peaks that are clearly distinguishable with the GYGAG(Ce) on the SiPDs that are difficult or impossible to distinguish with NaI(Tl) or a larger GYGAG(Ce) on a PMT.
B. Directionality Performance
The Dr. ID device, employing 48 cm 3 of GYGAG(Ce) pixels, may be used to rapidly locate a point source. To characterize its performance, experiments were conducted with a ∼40-μCi Cs-137 source located 60 cm from the center of the detector, which provided a count rate of 340 cps in addition to the background count rate of 10 cps. The 1-D Fig. 8 . Comparison of Ho-166m spectra from NaI(Tl), a large GYGAG(Ce) on a PMT, the current system (GYGAG(Ce) on SiPD array), and from GeMini (a HPGe detector). The improved resolution of GYGAG(Ce) on the SiPD array makes peaks in the Ho-166m spectrum discernable that are not observed in the NaI(Tl) spectrum, especially in the 600-800 keV region. The data are displaced vertically for clarity. Fig. 9 . Polar directionality plot, using Compton scatter back projection with a Cs-137 point source located at 270°. There are 16 000 Compton scatter events included in this plot, out of approximately 160 000 total counts. The angular resolution is 35°FWHM. Because uncertainty decreases as 1 over the square root of the number of events, with 16 000 events the direction to the source is determined to better than 1°FWHM. angular resolution of the system using Compton imaging was measured to be 35°full-width at half-maximum (FWHM). The accuracy of the direction to a source goes as the resolution (35°FWHM) divided by the square root of the number of counts in the peak and quickly becomes better than a few degrees. Fig. 9 shows the raw data for a 1-D Compton imaging measurement. The H3D A400 detector utilizes 19 cm 3 of pixelated CZT and can detect a Cs-137 source that is 3 μR/hr above background (10 μCi point source at 1 m) in less than 22 s and localize it in less than 90 s [2] . The A400 has better energy and spatial resolution than Dr. ID but has a slower response time.
When using active masking, the direction to the source is determined to ±10°(at 1σ ) in an 18 μR/hr field in ∼0.3 s. This is approximately the γ -ray dose generated from a 6 mCi Cs-137 source at a distance of 10 m. This is similar to the AISense Gamma 4 [1] .
The 2-D directionality was demonstrated using offline data analysis. A ∼40 μCi Cs-137 source was located 60 cm from the detector center at various elevation and azimuth locations. Fig. 10 shows a heat map of the results with the source at azimuth of 180°and elevation of 30°. Since the pixels are located in a single plane, it is not known if the source is above or below the plane. The detector will usually be operated near ground level so the ambiguity is not detrimental. The system 2-D directional performance has not been characterized in detail.
IV. CONCLUSION
We have developed a handheld γ -ray spectrometer with directionality using 1024 scintillator pixels made of GYGAG(Ce) transparent ceramic on SiPDs. Energy resolution is as good as 3.1% for single pixels with a typical resolution of 3.5%. Summing of all pixel events and Compton summing of coincident events yield a resolution of 4.5%, which is better than that of a similar volume single GYGAG(Ce) scintillator coupled to a PMT, largely due to the much better quantum efficiency of the SiPD. The direction to a source is determined using active masking and Compton imaging to ±10°in an 18 μREM/hr field in ∼0.3 s. Manufacture of GYGAG(Ce) pixels is expected to be significantly less costly compared to the cost of alternative materials offering comparable energy resolution, such as LaBr 3 (Ce) or CZT. The SiPD arrays are manufactured on large scale for medical imaging, reducing production costs.
